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a b s t r a c t 
We compare the plasma sources (particle, parallel momentum and ion energy) due to plasma-neutral in- 
teractions computed with different ﬂuid neutral models with the sources from a Monte Carlo simulation 
of the kinetic neutral equation. This is done for a ﬁxed background plasma, which is representative for 
an ITER detached case. We illustrate that the reaction data from the AMJUEL-HYDHEL databases can be 
incorporated in the ﬂuid models. A pure pressure-diffusion equation gives already accurate results for the 
particle source, but it is inaccurate for the momentum and energy source. A parallel momentum equa- 
tion has to be added to achieve predictions of the momentum and energy source within 30% of accuracy. 
Newly developed boundary conditions, based on the diffusion approximation for incident neutrals, show 
to be crucial for accurate results of the ﬂuid models close to the divertor target. The slight overestima- 
tion of the momentum and energy sources can be further reduced by adding a separate neutral energy 
equation. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
1
 
p  
r  
t  
(  
h  
i  
l  
g
 
s  
M  
o  
v  
M  
t  
c  
c
 
e  
o  
a  
t  
s  
t  
c  
s  
b  
ﬁ  
e  
t  
T  
s
 
a  
m  
ﬂ  
u  
h
2. Introduction 
Plasma edge codes are crucial for the design of the divertor,
lasma-facing components, and pumping systems of future fusion
eactors. Most often, they are based on a kinetic description for
he neutral particle transport, which is solved with Monte Carlo
MC) codes such as, e.g., EIRENE [1] . However, the statistical noise
ampers the convergence of the plasma boundary codes and the
ncreased number of ion-neutral interactions in detached regimes
eads to exacerbated run times. Moreover, these issues make
radient-based optimization calculations unfeasible thus far [2] . 
Therefore, there is a need for a (partially) deterministic de-
cription of the neutrals to reduce both noise and calculation time.
ultiple macroscopic ﬂuid neutral models have been developed
ver the last decades [3–7] . However, the ﬂuid approach is only
alid in high-collisional regions of the simulation domain, where
C simulations become tedious. Therefore, a so-called hybrid neu-
ral model, where the ﬂuid and kinetic descriptions are combined,
an be the solution [8] , but the eﬃciency of such hybrid methods
rucially depends on the quality of the ﬂuid models that are used. ∗ Corresponding author. 
E-mail address: niels.horsten@kuleuven.be (N. Horsten). 
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Please cite this article as: N. Horsten et al., Assessment of ﬂuid neutra
(2016), http://dx.doi.org/10.1016/j.nme.2016.11.007 In this paper, we compare ﬂuid neutral models (solved in the
ntire domain) of different degrees of complexity to the results
f an MC simulation of the kinetic equation. To mimic as much
s possible the microscopic physics of the EIRENE code, we use
he AMJUEL-HYDHEL databases [9,10] for the microscopic cross-
ections and rate coeﬃcients. The conversion of the databases
o a ﬂuid description is already covered in Ref. [11] for a 1D
ase. Here, we generalize it for the 2D plasma edge. We use a
impliﬁed model to describe the reﬂection of the neutrals at the
oundaries (no molecules and the fast reﬂected particles get a
xed fraction of the energy of the incident particles) and we
xtend the 1D diffusion approach from Ref. [12] to 2D for the
reatment of the recycled or reﬂected neutrals in the ﬂuid models.
his recycling/reﬂection model can easily be adapted for more
ophisticated models such as the TRIM code database [13] . 
The introduction of the advanced databases for cross-sections
nd rate coeﬃcients and the inclusion of the recycling/reﬂection
odel in the boundary conditions are new compared to other
uid models from literature, where simpliﬁed expressions are
sed for the rate coeﬃcients and artiﬁcial boundary conditions
re imposed. An example of a classic boundary condition is the
ssumption that the parallel neutral velocity at the target plate is
 (user-deﬁned) fraction of the parallel ion velocity [4,5] . However,
his fraction strongly depends on the plasma state itself and there
s no a priori knowledge of its value. In addition, the traditionalnder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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d  models contain even more user-deﬁned ﬁtting parameters for,
e.g., ﬂux limiters [4,7] to match the ﬂuid and kinetic models. The
ﬂuid models from this paper do not introduce extra (user-deﬁned)
parameters compared to the kinetic model. 
This paper is outlined as follows. In Section 2 , the kinetic neu-
tral model is described. The ﬂuid neutral models are elaborated in
Section 3 . We pay special attention to the boundary conditions in
Section 4 . The newly developed boundary conditions are derived
from the underlying kinetic description and are key to achieve suc-
cessful results. We compare the ﬂuid models with the results from
an MC simulation in Section 5 for a detached ITER case. We show
that the ﬂuid models perform well in this high-collisional case. 
2. Kinetic neutral model 
The neutral velocity distribution f n ( v ) satisﬁes the steady-state
kinetic (Boltzmann) equation: 
v · ∇ f n ( v ) = ˜ f i ( v ) n i n e K r + n i 
∫ 
σcx ( E c ) ‖ v − v ′ ‖ ... 
... ˜  f i ( v ) f n 
(
v ′ 
)
d v ′ − f n ( v ) ( n i K cx ( v ) + n e K i ) , (1)
with v the particle velocity vector, ∇ = ∇ x the gradient with
respect to the position x and ˜ f i (v ) the normalized ion distribution
(drifting Maxwellian) such that 
∫ ˜ f i (v )d v = 1 , where the integral is
taken over the whole velocity space. The ion, electron and neutral
density are respectively n i , n e and n n = 
∫ 
f n (v )d v . 
Three processes are taken into account: volumetric (radiative
and three-body) recombination, electron impact ionization and
charge-exchange (CX) collisions with respectively rate coeﬃcients
K r , K i and K cx . Because of the large thermal velocity of the elec-
trons compared to the ions and the neutrals, the recombination
and ionization rate coeﬃcients are independent of the particle
velocity and determined by polynomial ﬁts with respect to the
electron density and temperature in the AMJUEL database (re-
action 2.1.8 for recombination and 2.1.5 for ionization [10] ). The
treatment of the CX collisions becomes more complicated due to
the almost equal thermal velocities of the two colliding species.
The second term on the right hand side of Eq. (1) corresponds to
the source and − f n (v ) n i K cx (v ) to the sink of neutrals due to CX
collisions, with σ cx ( E c ) the microscopic cross-section, which is a
function of the center-of-mass kinetic energy of the collision part-
ners E c = m 4 || v − v ′ || 2 , with m the particle mass. The expressions
for σ cx ( E c ) and K cx ( T i , E n ) are determined by reaction 3.1.8 of the
AMJUEL-HYDHEL databases [9,10] , with T i the ion temperature
and E n the kinetic energy of the neutral particle. There is an
immediate relation between the microscopic cross-section and the
rate coeﬃcient: 
K cx (v ) = 
∫ 
σcx (E c ) || v − v ′ || ˜  f i (v ′ )d v ′ . (2)
It should be noted that all distribution functions, densities and
temperatures depend on the spatial position. 
3. Fluid neutral models 
Taking moments of the Boltzmann equation ( Eq. (1) ) over
velocity space leads to the neutral continuity, momentum and
energy equations: 
∇ · ( n n V n ) = S n n , (3)
∇ · ( mn n V n V n + n ) = −∇p n + S m V n , (4)
∇ ·
((
5 
2 
T n + m || V n || 
2 
2 
)
n n V n + n · V n + q n 
)
= S E, n , (5)Please cite this article as: N. Horsten et al., Assessment of ﬂuid neutra
(2016), http://dx.doi.org/10.1016/j.nme.2016.11.007 ith V n = 1 n n 
∫ 
v f n (v )d v the neutral drift velocity, T n =
1 
n n 
m 
3 
∫ || c || 2 f n (v )d v the neutral temperature, with c = v − V n 
he deviation from the drift velocity, and p n = n n T n the neutral
ressure. Eqs. (3) –(5) are not a closed system of equations due
o the presence of the stress tensor n = m 
∫ 
cc f n (v )d v − p n I and
he heat ﬂux vector q n = m 2 
∫ || c || 2 c f n (v )d v . Here, I is the identity
ensor. If the CX mean free path length is small compared to
he macroscopic length scales of the plasma properties (density,
emperature,...) (i.e., a high ion-neutral collisionality), the neutral
istribution will tend towards the ion distribution: f n (v ) ≈ ˜ f i (v ) ,
.e., a drifting Maxwellian in our case. At the target there is a large
eviation of f n ( v ) from this drifting Maxwellian distribution due
o the microscopic reﬂection physics. However, this perturbation
ecreases rapidly when moving away from the target for a CX
ominated case. Therefore, we apply the Chapman-Enskog method
14] for estimating the stress tensor and the heat ﬂux vector: 
n = −ηn 
(
∇ V n + (∇ V n ) T − 2 
3 
( ∇ · V n ) I 
)
, (6)
 n = −κn ∇T n , (7)
ith viscosity ηn = n n T n νcx and heat conduction coeﬃcient
n = 5 n n T n 2 mνcx . νcx is the CX collision frequency. The Chapman-
nskog method is applicable for suﬃciently small deviations of
 n ( v ) from the equilibrium distribution. As a rule of thumb, the
nudsen number, which is the ratio of the CX mean free path
nd a characteristic macroscopic length scale, should be smaller
han 0.1. It should be noted that the ﬂuid model is fully based
n CX collisions and not on neutral self-collisions. Neutral-neutral
ollisions are not included in the Boltzmann equation ( Eq. (1) ) and
onsequently, they are not taken into account in the ﬂuid models
ither. The anisotropy of the plasma is transferred to the neutrals
ue to the frequent CX collisions. 
The corresponding moments of the right hand side of
q. (1) lead to the particle source S n n , momentum source S m V n 
nd energy source S E , n for the neutral ﬂuid ﬂow, given by 
 n n = n i n e K r − n n n e K i , (8)
 m V n = mn i n e K r V i − mn n n e K i V n + S m V n , cx , (9)
 E, n = n i n e K r 
(
3 
2 
T i + 
m 
2 
‖ V i ‖ 2 
)
− n n n e K i 
(
3 
2 
T n + m 
2 
‖ V n ‖ 2 
)
+ S E, n , cx , (10)
ith V i = [ u θu r u φ] 
T ≈ [ b θu || 0 b φu || ] 
T 
the ion ﬂuid velocity in
he poloidal ( θ ), radial ( r ) and toroidal ( φ) directions, with
 φ = 
√ 
1 − b 2 
θ
and b θ the magnetic pitch. We assume that the
lasma ﬂows mainly in the parallel direction with velocity u || , and
herefore neglect the inﬂuence of the other velocity components.
he CX contributions ( S m V n , cx and S E , n, cx ) follow from 
S T m V n , cx S E, n , cx 
]T = mn i ∫ ∫ [v T ‖ v ‖ 2 
2 
]T 
σcx ( E c ) ... 
... ‖ v − v ′ ‖ ( ˜ f i ( v ) f n (v ′ )
− ˜ f i 
(
v ′ 
)
f n ( v ) 
)
d v d v ′ . (11)
qs. (8) –(10) are the exact expressions of the source terms due
o neutral-plasma interactions, at least if the real neutral velocity
istribution is used in Eq. (11) . However, for the ﬂuid approach we
lways assume that the neutrals have a drifting Maxwellian distri-
ution (with drift velocity V n ) for the evaluation of the sources. It
ould be more consistent with Eqs. (3) –(7) to use the Chapman-
nskog distribution, which slightly deviates from the Maxwellian
istribution, but in strongly CX dominated regions this deviationl models for a detached ITER case, Nuclear Materials and Energy 
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Fig. 1. Determination of the momentum linearized CX rate coeﬃcient. a) Poloidal CX momentum source divided by mn n n i as a function of the poloidal ion-neutral velocity 
difference for different averages of the ion and neutral temperatures (solid lines for cases without drift velocity difference in radial and toroidal directions; circular marks 
for a velocity difference of 1 · 10 4 m/s in radial and toroidal directions). b) Momentum linearized CX rate coeﬃcient. 
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e  emains limited, as already observed for 1D simulations [12] . The
X source strongly simpliﬁes for the assumption of a drifting
axwellian instead of using the full Chapman-Enskog distribution.
For many cases, this full Navier-Stokes model ( Eqs. (3) –(5) ) is
omputationally costly and therefore, there is a need for reduced
odels. In addition, the numerical evaluation of Eq. (11) is expen-
ive and it is recommended to use alternative expressions. Three
odels with increasing degrees of complexity are considered in
he next subsections. 
.1. Model 1: pressure-diffusion equation 
The diﬃculties for solving the Navier-Stokes model especially
riginate from the nonlinear convective term in the momentum
quation ( Eq. (4) ). However, if the neutral dynamics are mainly de-
ermined by the force balance between the pressure gradient and
he ion-neutral friction, we can neglect the convective and viscous
erms, i.e., only the right hand side of Eq. (4) remains. In addition,
ig. 1 a shows that the momentum source due to CX collisions is
pproximately linear with the ion-neutral ﬂuid velocity difference,
t least if the velocity difference remains small compared to the
hermal velocity and in case the neutral distribution is suﬃciently
lose to a drifting Maxwellian. The CX poloidal momentum source
 mu n θ , cx 
is shown, but the conclusions are the same for the other
omponents (radial and toroidal). It can be seen that the drift
elocity difference in the other directions has an inﬂuence on the
lope of the line, especially for low temperatures. However, this
nﬂuence is neglected by assuming that there is no ion-neutral
uid velocity difference in the other directions. 
The slope of the line in the origin is the momentum linearized
X rate coeﬃcient K cx,m , which is a function of the average of the
on and neutral temperatures ( Fig. 1 b). With this linearization, the
X momentum source can be approximated as 
 m V n , cx ≈ mn n n i K cx , m (V i − V n ) . (12) 
Neglecting the convective and viscous terms in Eq. (4) and
inearizing the momentum source immediately lead to an expres-
ion for the particle ﬂux density n n V n , which can be imposed in
he continuity equation ( Eq. (3) ). This combined continuity and
omentum equation is called the pressure-diffusion equation: 
 ·
(
n n , eq V i − D n p ∇p n 
)
= S n n , (13) Please cite this article as: N. Horsten et al., Assessment of ﬂuid neutra
(2016), http://dx.doi.org/10.1016/j.nme.2016.11.007 ith n n , eq = (n i n e K r + n n n i K cx , m ) / (n i K cx , m + n e K i ) and D n p =
(m ( n i K cx , m + n e K i ) ) −1 . The ﬁrst model consists of this single
onvection-diffusion equation, which is solved for the neutral
ressure. In addition, it is assumed that the neutrals are in
hermal equilibrium with the ions ( T n = T i ). 
.2. Model 2: pressure-diffusion and parallel momentum equation 
The dominant ion-neutral friction parallel to the magnetic ﬁeld
equires accurate results for the parallel neutral velocity. Due to
he fact that a fraction of the neutrals is emitted isotropically at
he target, the magnitude of the parallel neutral velocity close to
he target is lower than the ion parallel velocity. Therefore, for the
econd model a momentum equation parallel to the magnetic ﬁeld
s added. Thus, this model consists of the parallel component of
q. (4) and the continuity equation ( Eq. (3) ), where the pressure-
iffusion approximation is used for the transport in radial and
iamagnetic directions. This leads to the following particle ﬂux
ensity expressed in the ( θ , r, φ) coordinate system: 
 n V n = 
[
−b 2 φD n p ∇ θ p n + b θn n u n ‖ 
−D n p ∇ r p n b θb φD n p ∇ θ p n + b φn n u n ‖ 
]T 
, (14) 
ith ∇ θ and ∇ r the derivatives in respectively the poloidal and
adial direction. If Eq. (14) is inserted in Eq. (3) and the parallel
omponent of Eq. (4) , this leads to two equations that have to
e solved for the neutral density n n and the parallel velocity u n|| .
gain we assume that T n = T i . 
To easily derive the CX collision frequency νcx , which is
eeded to determine the viscosity ηn , the Boltzmann equation is
pproximated as 
 · ∇ f n ( v ) ≈ ˜ f i ( v ) n i n e K r − f n ( v ) n e K i + (˜ f i ( v ) n n − f n ( v ) )n i K cx , m , 
(15) 
aking use of the momentum linearized CX rate coeﬃcient. This
xpression is veriﬁed in Section 5.3 . This way, the CX collision
requency can be approximated as νcx ≈ n i K cx, m . 
.3. Model 3: pressure-diffusion, parallel momentum and energy 
quation 
To take into account possible neutral-ion temperature differ-
nces, we add the energy equation ( Eq. (5) ) for model 3. Model 3l models for a detached ITER case, Nuclear Materials and Energy 
4 N. Horsten et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–7 
ARTICLE IN PRESS 
JID: NME [m5G; November 30, 2016;9:9 ] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Location of the simulation domain (green shaded area). (For interpretation 
of the references to colour in this ﬁgure legend, the reader is referred to the web 
version of this article.) 
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mis an extension of model 2 where it is no longer assumed that
the ions and neutrals are in thermal equilibrium ( T n  = T i ). Thus,
model 3 consists of the continuity equation ( Eq. (3) ), the parallel
component of Eq. (4) and the energy equation ( Eq. (5) ), making
use of Eq. (14) for the particle ﬂux density. These three equations
are solved for n n , u n|| and T n . Again, we use Eq. (15) to simplify
the CX energy source from Eq. (11) . This leads to 
S E, n , cx = n n n i K cx , m 
(
3 
2 
(T i − T n ) + 
m 
2 
(|| V i || 2 − || V n || 2 )). (16)
4. Treatment from the boundary conditions 
The boundary conditions are of crucial importance to get
accurate results for the ﬂuid models. In literature it is most often
assumed that the neutral parallel velocity at the target is a frac-
tion of the ion parallel velocity [4,5] . However, this fraction is a
user-deﬁned ﬁtting parameter, which is case dependent. 
In this paper, we use physics based boundary conditions, which
do not need any user-deﬁned ﬁtting parameters. Particle, momen-
tum and energy ﬂuxes are imposed at all boundaries (at least if
the ﬂuid model contains the corresponding moment equation).
These boundary ﬂuxes correspond to the moments of the total
neutral distribution at a particular position at a boundary f n,b ( v ),
which can be written as 
f n , b ( v ) = 
⎧ ⎪ ⎨ 
⎪ ⎩ 
f n ,ν−, b ( v ) if v · ν ≤ 0 , ∫ 
v ′ ·ν≤0 
(
R i 
b 
(
v ′ → v 
)
f i ,ν−, b 
(
v ′ 
)
+ R n 
b 
(
v ′ → v 
)
f n ,ν−, b 
(
v ′ 
))
d v ′ if v · ν > 0 , 
(17)
with ν the surface normal pointing to the plasma edge region.
f i ,ν−, b (v ) and f n ,ν−, b (v ) are respectively the distributions of the
incident ions and the incident neutrals. Based on sheath theory,
we approximate the incident ion distribution as a half-sided
Maxwellian that is possibly accelerated by the sheath potential
(if the magnetic ﬁeld lines are not parallel to the boundary). In
contrast, the incident neutral distribution is unknown and the
diffusion approach is used to estimate the distribution: 
f n ,ν−
(
v φ, v τ , v ν
)
= n i K cx , m 
n i K cx , m + n e K i 
˜ f i 
(
v φ, v τ , v ν
)
×
(
n n − 1 
n i K cx , m + n e K i 
(
v τ
∂n n 
∂τ
+ v ν ∂n n 
∂ν
))
. 
(18)
The distribution is expressed in the ( φ, τ , ν) coordinate system,
with φ the toroidal direction, ν the inward pointing normal direc-
tion and τ the tangential direction perpendicular to φ, as indicated
in Fig. 2 at the inner target. v φ , v τ and v ν are the particle velocity
components in this coordinate system. A detailed derivation of Eq.
(18) can be found in Ref. [12] for a 1D plasma edge. It should be
noted that the simpliﬁed Boltzmann equation ( Eq. (15) ) is used to
obtain Eq. (18) . 
R i 
b 
(v ′ → v ) and R n 
b 
(v ′ → v ) are the probabilities that an ion or
neutral with velocity v ′ is recycled or reﬂected and gets a velocity
v . In this paper, we make use of a simpliﬁed reﬂection model. Half
of the incident particles are recycled or reﬂected as fast neutrals,
which get half of the energy of the incident particle. The other
half of the neutrals are emitted as molecules (D 2 ), which are
assumed to dissociate immediately by the Franck-Condon process.
All neutrals (fast and dissociated) are emitted isotropically. 
The particle ﬂux density Γn 
b 
, the parallel momentum ﬂux den-
sity n m , || , b and energy ﬂux density Q n b follow from the moments
of Eq. (17) : [
Γn b Γ
n 
m , ‖ , b Q 
n 
b 
]
= 
∫ [ 
1 m v ‖ 
m 
2 
‖ v ‖ 2 
] 
v f n , b ( v ) d v , (19)Please cite this article as: N. Horsten et al., Assessment of ﬂuid neutra
(2016), http://dx.doi.org/10.1016/j.nme.2016.11.007 nd are imposed as boundary ﬂuxes for the corresponding equa-
ions, with v || the parallel component of the particle velocity. 
. Results 
.1. Description of the test case 
We compare the ﬂuid neutral models with an MC solution of
he kinetic equation for a ﬁxed background plasma. This back-
round plasma is extracted from a SOLPS simulation for a typical
TER relevant (partially) detached case with an F12 geometry [15] .
e only simulate the outer divertor leg as shown in Fig. 2 . The
inetic solution is obtained with our in-house MC code, which is
 simpliﬁed version of the full EIRENE code with a limited set of
eactions. 
In next subsections the plasma sources due to interactions with
he neutrals are compared for the different ﬂuid neutral models.
hese source terms are only signiﬁcant in a thin region near the
arget plate. Therefore, only this region is shown in the ﬁgures
elow. 
We compare the plasma sources, which are the opposite
f the neutral sources given by Eqs. (8) –(10) , i.e., S n i = −S n n ,
 mu || = −[ S m V n ] || and S E, i = −S E, n . The kinetic solution is based on
n MC evaluation of the CX momentum and energy source ( Eq.
11) ), while the approximate expressions with the momentum
inearized rate coeﬃcient are used for all ﬂuid models ( Eq. (12) for
he momentum and Eq. (16) for the energy source). This means
hat the MC solution leads to the exact solution of Eq. (1) without
he assumption of a drifting Maxwellian for the evaluation of the
ources. 
.2. Sources from the MC simulation 
Fig. 3 shows the sources from the MC simulation of the exact
oltzmann equation ( Eq. (1) ). The peak magnitude of the sources
s located at the target plate. To make a quantitative assessment
f the different models, we will compare the sources in the ﬂux
ubes indicated with colors and numbers. The global shape of the
ources is similar for all models. The peak particle source is located
n the blue ﬂux tube (1), the ion density peaks in the green ﬂux
ube (2) and the momentum and ion energy source peak in the red
ube (3). Due to the high temperature the ionization is dominant
n the blue ﬂux tube, whereas the low temperature in the red tube
ives rise to a high number of CX collisions, which leads to the
aximum magnitude of the momentum and ion energy source. l models for a detached ITER case, Nuclear Materials and Energy 
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Fig. 3. Sources from the MC simulation of the exact Boltzmann equation ( Eq. (1) ). The red, green and blue lines indicate the sources in the ﬂux tubes which are used for the 
comparison in next subsections. a) Particle, b) parallel momentum and c) ion energy source. (For interpretation of the references to colour in this ﬁgure legend, the reader 
is referred to the web version of this article.) 
Fig. 4. Sources from the exact Boltzmann equation ( Eq. (1) ) (solid lines) and simpliﬁed Boltzmann equation ( Eq. (15) ) (dashed lines). a) Particle, b) momentum and c) ion 
energy source. 
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i  .3. Veriﬁcation of the simpliﬁed Boltzmann equation 
First, we check the accuracy of the approximate Boltzmann
quation ( Eq. (15) ), which makes use of the momentum linearized
X rate coeﬃcient K cx,m , by comparing the results of the source
erms with the solution of the exact Boltzmann equation ( Eq. (1) ).
s can be seen in Fig. 1 b, K cx,m is a function of the average ion-
eutral temperature. However, the neutral temperature resulting
rom an MC simulation is very susceptible to noise and therefore,
e assume T n = T i for the evaluation of K cx,m . Fig. 4 shows the
esults. θ t is the poloidal distance from the target. It is clear that
he simpliﬁcation has only a minor inﬂuence on the results in
he region with large sources. In Ref. [16] a detailed derivation is
ade for the so-called thermal force and diffusion thermoeffect
esulting from the velocity dependence of the CX rate coeﬃcient.
owever, for this CX dominated case the velocity dependence can
e neglected if the momentum linearized rate coeﬃcient is taken.Please cite this article as: N. Horsten et al., Assessment of ﬂuid neutra
(2016), http://dx.doi.org/10.1016/j.nme.2016.11.007 his leads to a momentum source that is linear with respect to
he ion-neutral velocity difference. This justiﬁes the use of the
ressure-diffusion equation ( Eq. (13) ). 
.4. Comparison of ﬂuid models 
The sources from the different ﬂuid models are compared to
he MC solution in Fig. 5 . 
All ﬂuid models provide accurate predictions of the particle
ource with a maximum relative error of about 8% in the cell adja-
ent to the target of the blue ﬂux tube (1). The relative differences
etween the ﬂuid and kinetic models remain smaller than 1% fur-
her away from the target. So, even the simple pressure-diffusion
odel (model 1) can be used to predict the particle source. The
ecreased number of CX collisions due to the high temperature
n ﬂux tube 1 leads to a decreased validity of the ﬂuid approachl models for a detached ITER case, Nuclear Materials and Energy 
6 N. Horsten et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–7 
ARTICLE IN PRESS 
JID: NME [m5G; November 30, 2016;9:9 ] 
Fig. 5. Comparison of sources from ﬂuid models with the MC solution: MC (solid line), pressure-diffusion equation (model 1) (dashed line), pressure-diffusion and parallel 
momentum equation (model 2) (circles) and pressure-diffusion, parallel momentum and energy equation (model 3) (pluses). a) Particle, b) momentum and c) ion energy 
source. 
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 (larger deviation from the equilibrium (drifting Maxwellian) distri-
bution). 
To not overload the ﬁgures, Fig. 5 b–c shows only the red
ﬂux tube (3) where the peak momentum and energy source
magnitudes are located. The pure pressure-diffusion equation is
totally inaccurate for these sources. At least a parallel momentum
equation has to be added to capture the ion-neutral parallel
velocity difference in the vicinity of the target. The results are
further improved by adding an energy equation. The results for
the momentum and ion energy source are extremely sensitive to
the boundary condition at the target plate. The new boundary
condition from Section 4 performs very well without the use of
any ﬁtting parameter. 
Because the plasma is kept ﬁxed, differences in the particle
source are fully caused by differences of the neutral density pro-
ﬁles. From the results of the particle source it seems that including
a parallel momentum and energy equation has almost no inﬂu-
ence on the density proﬁles, i.e., the particle transport remains
unchanged. Due to the toroidal symmetry the particle transport is
governed by the poloidal and radial particle ﬂuxes. As explained
in Section 3.2 , the pressure-diffusion approximation is still used
for the radial and diamagnetic particle ﬂuxes, leading to Eq. (14) .
The radial particle ﬂux remains unchanged compared to the par-
ticle ﬂux of model 1. Due to the presence of the neutral parallel
velocity the poloidal particle ﬂux from models 2 and 3 differs
from the pure pressure-diffusion poloidal particle ﬂux ( b θn n u n|| 
is used instead of b θn n, eq u || for the pure pressure-diffusion ﬂux
in Eq. (13) ). However, this parallel component is multiplied by
the pitch, which is typically small. It appears that this difference
has no signiﬁcant inﬂuence on the poloidal transport, leading to
almost the same density proﬁles. Similarly, solving the energy
equation has no signiﬁcant inﬂuence on the particle transport,
because the ion-neutral temperature difference remains limited in
this CX dominated case. Although the temperature difference is
limited, it has a signiﬁcant inﬂuence on the energy source due to
the multiplication with the large CX rate. 
6. Conclusions 
In this paper, we have derived a number of ﬂuid neutral mod-
els, fully consistent with the underlying kinetic transport equation.
The pressure-diffusion model is a simple model that gives accurate
predictions of the particle source (maximum error of about 8%),
but fails in (even qualitatively) predicting the momentum and
ion energy sources. To obtain qualitatively correct predictions of
these sources a parallel momentum equation has to be added
with boundary conditions incorporating the underlying physics
of the recycling and reﬂection of the neutrals used in the kinetic
description. This is accomplished by imposing boundary ﬂuxesPlease cite this article as: N. Horsten et al., Assessment of ﬂuid neutra
(2016), http://dx.doi.org/10.1016/j.nme.2016.11.007 particle, momentum,... ), which result from an estimate of the
otal neutral velocity distribution at this particular boundary.
he diffusion approximation is used for the distribution of the
ncident neutrals. The parallel momentum in combination with the
ressure-diffusion equation gives a slight overestimate of the peak
omentum and ion energy source at the target (relative errors of
espectively 24 and 27%). This overestimate is reduced by adding
 separate neutral energy equation (relative errors of respectively
4 and 1%). 
We have shown that it is justiﬁed to simplify the CX source/sink
erm in the Boltzmann equation for this detached case. Although
he CX rate coeﬃcient depends on the neutral particle velocity,
he use of the so-called momentum linearized CX rate coeﬃcient,
hich is independent of the particle velocity, gives almost the
ame results. This is mainly due to the fact that the neutrals
btain the (drifting) Maxwellian equilibrium distribution already
 few mean free paths away from the target. This simpliﬁes the
erivation of the ﬂuid models. 
In future research it is planned to study the coupling of the
eutral models with the plasma equations. Given the accuracy
f the present results for the source terms, we expect also these
imulations to perform well. Nevertheless, it is important to assess
he inﬂuence of the slight deviations of the ﬂuid from the kinetic
olution on the results for the plasma state. Further, additional
hysics such as molecules and neutral self-collisions have to be
dded to the neutral models. 
The model with the parallel momentum equation is a good
tarting point for the hybrid model, because it gives already
ccurate results for all sources. This means that the MC part in
he hybrid model can be reduced signiﬁcantly. The MC part can be
urther reduced by adding an energy equation, but this leads to an
dditional cost of the ﬂuid model for solving an extra equation. It
as to be investigated whether it is worth the effort. 
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